Hallucinogenic drugs such as lysergic acid diethylamide (LSD) have profound effects on humans including
INTRODUCTION
Lysergic acid diethylamide (LSD) is an hallucinogenic drug that transiently but powerfully alters human perception, behavior, and mood at extremely low doses. Certain aspects of the behavior elicited by acute doses of LSD closely resemble symptoms of mental disorders such as schizophrenia (Breier 1995) . Despite extensive research over the past four decades, the mechanism of action of hallucinogenic drugs still largely remains a mystery. The behavioral effects of LSD are believed to arise in part from agonist activity at the 5-HT 2A , 5-HT 2C , and 5-HT 1A receptor subtypes (Burris et al. 1991; KrebsThomson et al. 1998; Titeler et al. 1988 ), but if, and how, these interactions affect cognitive functions remains unknown. In addition to actions at serotonin receptors, LSD has high affinity for dopamine receptors and has been shown to act as an agonist at these receptors (Giacomelli et al. 1998; Watts et al. 1995) . Because LSD is a unique ligand that can simultaneously bind to serotonin and dopamine receptor subtypes implicated in both normal and abnormal human behaviors, it is an excellent tool for probing the biochemical basis for behavior.
Simply increasing brain levels of serotonin, however, does not produce hallucinogenic effects. Recent work has demonstrated that while LSD binds to the same re-ceptor sites as the endogenous ligand serotonin, it has the capacity to activate different intracellular signaling cascades (Backstrom et al. 1999) . Because intracellular signaling cascades influence gene expression, LSDinduced signaling events within cells may inappropriately alter gene expression, which in turn may lead to changes in the physiological status of the neurons, ultimately altering the processes of cognition. Certain behavioral effects of LSD resemble paranoid schizophrenia in humans. This particular subset of mood alterations occurs within the "second phase . . . of the LSD experience" as defined by Freedman, and may be specific for LSD (Freedman 1984) . These delayed "second phase" effects could result from transient changes in gene expression. Thus, identifying and characterizing these genes could prove to be important in understanding mechanisms underlying how hallucinogens such as LSD alter behavior. In addition, understanding these mechanisms may lead to the identification of novel therapeutic targets for treatment of mental disorders.
We took a broad approach to investigating and identifying genes that are altered by an acute dose of LSD in the mammalian brain. First, we investigated the expression of the mRNAs of the 5-HT receptor subtypes thought to mediate hallucinogenic effects in animal models (5-HT 1A,2A,2C ), as well as, specific gene expression of immediate early genes predicted to be affected by LSD. Next, we performed a DNA microarray screen to identify gene expression influenced by LSD at a more global level. For each gene identified, expression levels were determined in three regions of the rat brain: prefrontal cortex, hippocampus, and midbrain/thalamus.
MATERIALS AND METHODS

Animals
Male Sprague-Dawley rats (250-275g) were purchased from Harlan and maintained for at least one week prior to use. Rats were given ad libitum access to food and water and maintained on a 12 h light/dark cycle. All procedures were carried out in accordance with the National Institutes of Health guide for the care and use of laboratory animals (NIH publication No. 8023, revised 1978) and were approved by the Vanderbilt Animal Care and Use Committee.
Drug Treatment and Tissue Preparation
( ϩ )-LSD tartrate was obtained from NIDA and dissolved at a concentration of 1.0 mg/ml in sterile water. Four rats were administered 1.0 mg/kg LSD i.p., and four rats were simultaneously administered i.p. saline. After 90 min the animals were decapitated. The brains were removed and the prefrontal cortex, hippocampus and midbrain were quickly dissected, frozen in liquid nitrogen, and stored at -80 Њ C until processing. Total RNA was extracted from the tissue of four animals pooled per treatment group. Pooling of the tissues should help average out differences in individual responses to the drug. RNA purification was performed using Tri-Reagent ® (Molecular Research Center; Cincinnati, OH). This total RNA was used as target in RNase protection assays with probe fragments specific to each gene tested. A 90-min time point was chosen because preliminary studies had shown differential expression for c-fos both at the mRNA and protein level at this time.
RNase Protection
RNase protection involves hybridization of an antisense radiolabeled RNA (probe) to a specific gene (target) in solution. A single stranded specific RNase was added to the mixture after hybridization to degrade all single stranded RNA, so that only probe hybridized to target remains. A probe representing cyclophilin, a standard internal control not expected to be influenced by treatments, was simultaneously hybridized and used as an internal control to normalize for variations in RNA levels. Reaction products were separated on a polyacrylamide gel, exposed to a phosphorimager plate, and the bands quantified by densitometry.
To generate radiolabeled probe, gene specific fragments were isolated by RT-PCR from rat brain total RNA with oligonucleotide primers specific for the gene of interest using the Titan™ One Step RT-PCR kit reagents and protocols from Roche Molecular Biochemicals (Indianapolis, IN) ( Table 1 ) and reamplified with primers containing a T7 RNA polymerase binding site on the antisense strand. Probe sequence was verified by ABI Prism sequencing protocols. [ 32 P]-CTP (NEN; Boston, MA) radiolabeled antisense RNA probe was prepared by in vitro synthesis from DNA template, prepared as described above, using the MAXIscript™ kit reagents and protocols from Ambion (Austin, TX). RNase protection assays were performed using the RPA III™ kit reagents and protocols from Ambion. Total probe used in each reaction was 70,000 cpm for gene specific RNA, and 1400 cpm for the internal standard, cyclophilin, with 10 g of total RNA per reaction. After electrophoresis the gels were dried on Whatman paper and exposed to phosphoimager plates (Molecular Dynamics, Sunnyvale CA). Bands were visualized using a Molecular Dynamics 445 SI Phosphoimager. Band densitometry analysis was performed with NIH Image 1.6.1 software on MacOS.
DNA Microarray Screen
RNA isolated from the prefrontal cortex of LSD and saline treated rats was re-purified using the RNeasy kit from Qiagen (Valencia, CA) and used as template for the BioArray High Yield RNA Transcript Labeling Kit (Enzo Diagnostics; Farmingdale, NY) as per the manufacturer's instructions. Biotin labeled cRNA was provided to Research Genetics (Huntsville, AL) for hybridization and analysis with the Affymetrix rat U34A array set. The GeneChip ® Analysis software package from Affymetrix was employed by Research Genetics to identify statistically significant changes in gene expression. Genes identified in this screen were considered candidates for differential expression until confirmed by RNase protection experiments.
RESULTS
Serotonin Receptor mRNA Levels Are Unchanged by Acute LSD
The expression of the 5-HT 1A , 5-HT 2A , and 5-HT 2C receptors, subtypes thought to play major roles in the mechanism of action of hallucinogenic drugs, was tested after LSD administration. In control animals, endogenous 5HT 2A receptor mRNA levels were about threefold higher in the prefrontal cortex than in either the hippocampus or midbrain (Figure 1 ). Control 5HT 2C receptor mRNA levels were approximately twofold higher in the midbrain than in the hippocampus or prefrontal cortex (Figure 1 ), while endogenous 5HT 1A receptor mRNA levels were twofold higher in the hippocampus than in either the prefrontal cortex or midbrain (Figure 1 ). There was no detectable effect of acute LSD on any of these receptors; mRNA expression levels were virtually identical to those of control animals in all brain regions examined (Table 2 ). This finding indicates that acute LSD does not invoke receptor mRNA downregulation as a mechanism to inactivate signaling of these receptors. 
Acute LSD Induces Immediate Early Gene Expression
DNA Microarray-identified Candidates for Differential Expression
The Affymetrix U34A rat array contains sequences representing 8800 genes. Only about 3,500 of them gave positively hybridizing signals, indicating that more than half of the genes represented by the array are not expressed in the rat prefrontal cortex at levels detectable by this method (Figure 4) . A few genes appeared to be downregulated in the array results (Figure 4 ). Of these, the two furthest away from the slope represent the 32S ribosome preRNA and 28S ribosome subunits. While these were flagged by the analysis software as significantly repressed, they were not tested in subsequent studies. It may be intriguing to speculate that the drug treatment has effects on general transcription, but we felt that as transcription is a global mechanism, any changes observed in ribosome subunit mRNAs were not likely involved in mechanisms of action of LSD.
Five candidates were identified by microarray screening with the Affymetrix microarray and investigated further: serum glucocorticoid kinase ( sgk ); I ␤ -␣ , neuron derived orphan receptor 1 ( NOR1 ); ania3 ; and krox-20 . Although microarrays are useful to identify genes differentially expressed, they may not be suitable to define and quantitate expression changes of genes due to different treatment conditions (Watson et al. 2000; Altmann et al. 2001) . Therefore, all subsequent verification and expression testing of an identified candidate used RNase protection assays. We chose the RNase protection method over blot-based methods such as Northern analysis because RNase protection is more sensitive and reliable. All five genes identified by microarray analyses of prefrontal cortex RNA were confirmed in the subsequent RNase protection assays; however, the apparent percent increase in the microarrays was much higher than revealed by RNase protection (Table 3) . 
Similar to the results in prefrontal cortex, differential gene expression was found in the midbrain for all genes except Krox-20 , which was undetectable in midbrain of both control and LSD-treated rats ( Figure 5 , Panels A-E). NOR1 and Ania3 expression were unaffected in the hippocampus ( Figure 5 , Panels C and D), an area that expresses a low density of 5-HT 2A receptors.
DISCUSSION
We have undertaken the first comprehensive analysis of hallucinogen influenced gene expression in the brain using a combination of gene microarrays and RNase protection assays. Seven genes have been identified that are differentially expressed after acute treatment with the hallucinogen LSD. Gene microarrays have great utility to identify candidates for differential expression; however, our results as well as others (Watson et al. 2000; Altmann et al. 2001 ) show microarrays are not suitable for accurate quantitation of expression levels. Although most of the genes identified in the current microarray screen were confirmed with RNase protection, the magnitude of change was considerably less in the latter assay. The number of candidate genes identified in the microarray screen was surprisingly small, suggesting that relatively minor changes in cellular physiology may lead to marked changes in cognitive function. Consistent with this conclusion, the magnitude of change in levels was generally twofold or less. It is quite likely that a more detailed analysis by in situ hybridization methods will reveal localized regions that exhibit greater differential expression.
The differentially expressed genes after acute LSD treatment encode for a variety of proteins, including immediate early genes (IEGs) such as c-fos, which encodes for a nuclear transcription factor that in turn activates multiple downstream genes. The c-fos gene is rapidly upregulated by many stimulatory pathways and is often used as a marker to determine general neuronal activation (Kovacs 1998 ). Levels of c-fos increased approximately twofold in all areas of the brain examined in response to acute LSD, suggesting that LSD activates many brain areas. Another nuclear transcription factor Figure 1 . Relative expression of 5-HT 1A,2A,2C receptor mRNA. The expression for the mRNAs of serotonin receptor subtypes believed to play a role in the mechanism of action of hallucinogenic drugs as determined by RNase protection analysis in the prefrontal cortex (PFC), hippocampus (HIP), and midbrain (MB). Acute LSD had no effect on the expression of these genes. gene induced by LSD is krox-20, which encodes for a zinc finger transcription factor. Krox-20 contains a c-fos serum response element in its promoter region, suggesting that it is co-regulated with c-fos (Chavrier et al. 1989 ). Krox-20 has been shown to be necessary for normal brain development (Seitanidou et al. 1997 ) and may be involved in the maintenance of long-term potentiation (Inokuchi et al. 1996) . A third nuclear transcription factor induced by LSD is NOR1, a nuclear receptor of the steroid/thyroid family related to NGF1-B/nurr1 (Maruyama et al. 1997; Maruyama et al. 1998) . NOR1 expression has been previously shown in vivo only in the brain (Ohkura et al. 1994) , however, its expression can be induced in non-neuronal cultures (Bandoh et al. 1995) and is regulated by protein kinase A and protein kinase C. Interestingly, recent reports have suggested that NOR1 may be involved in the response to opiates and cocaine (Werme et al. 1999 (Werme et al. , 2000 . In addition to nuclear transcription factors, genes encoding for other classes of proteins were induced by LSD administration. Perhaps one of the most interesting of these is arc (activity-regulated cytoskeleton-associated protein). Arc is classified as an immediate early gene because of its rapid induction after stimulation, but unlike c-fos, arc is not a nuclear transcription factor. Arc protein and mRNA are both specifically localized to dendrites, and arc is predicted to be involved in cytoskeletal rearrangements during the process of synaptic plasticity (Lyford et al. 1995) . Consistent with this interpretation, antisense inhibition of arc expression leads to impairment of the maintenance phase, but not the induction, of long-term potentiation (Guzowski et al. 2000) . LSD produced a robust fivefold increase in arc expression in the prefrontal cortex, similar to that seen with the hallucinogenic drug 1-(2,5-dimethoxy-4-iodophenyl)-2-aminopropane (Pei et al. 2000; Tilakaratne and Friedman 1996) . Arc gene expression was not increased in the hippocampus by LSD and was not detectable in the midbrain region. This region-specific effect is fascinating in light of the high density of 5-HT 2A receptors localized on apical dendrites of pyramidal neurons in the prefrontal cortex (Jakab and GoldmanRakic 1998; Willins et al. 1997 ). These receptors have been proposed to be the principal targets for hallucinogenic drugs (Aghajanian and Marek 1999a) . It is tempting to speculate that upregulation of two genes encoding proteins (arc and Krox-20) linked to synaptic plasticity may represent early sequelae in the pathways that lead to some reported long term effects of LSD use such as Hallucinogen Persisting Perception Disorder (Abraham 1983) , and the apparent effectiveness of LSD in the treatment of disorders such as alcohol addiction (Mangini 1998 ).
An unexpected finding is the induction of the I␤-␣ gene after LSD administration. I␤-␣ is the main inhibitor of NF␤, the activating component of the immune response. It is not clear why LSD activates expression of an immune suppressor gene. An intriguing report recently showed that I␤-␣ is found in the cell bodies and processes of neurons and specifically localizes to the postsynaptic densities, along with NF␤ (Suzuki et al. 1997) . The authors hypothesized that the postsynaptically localized I␤-␣ and NF␤ act as messenger molecules that travel from the synapse to the nucleus. Serum glucocorticoid kinase (sgk) is another signaling molecule that is transcriptionally regulated by a variety of stimuli including glucocorticoids, p53, and cell injury (Park et al. 1999) . LSD induced a twofold expression of the sgk gene in all three regions examined around two fold. Sgk has been shown to be induced by activation of the ERK MAP kinase pathway, as well as by activation of the glucocorticoid receptor (Mizuno and Nishida 2001) . In fact, Mikosz and coworkers concluded that sgk is a survival kinase, as the expression of sgk corre- lates directly with protection against apoptosis in certain cell lines (Mikosz et al. 2001 ). Sgk itself is directly activated by phosphoinositide-3 kinase, and inactivated by PP2A (Park, et al. 1999) . Although the downstream targets of sgk are unknown, it has been suggested to phosphorylate and inactivate certain transcription factors in the nucleus, which in turn leads to the promotion of cell survival (Brunet et al. 2001) . Ania3 is the most intriguing transcript that is differentially expressed in light of recent electrophysiological studies implicating glutamate receptors in the mechanism of action of hallucinogenic drugs (Aghajanian and Marek 1999b) . Ania3 is a splice isoform of homer 1a, only differing slightly at the carboxy terminus. Thus, one would predict that the two proteins perform a similar role within the cell. Homer 1a is a protein that attenuates calcium release mediated by mGluR 1a,5 receptors Xiao et al. 2000) , while simultaneously increasing the modulatory influence of these receptors on cationic channels (Kammermeier et al. 2000) . Furthermore, proper targeting of group I glutamate receptors to both axons and dendrites has been shown to require homer 1a . Upregulation of ania3 provides a molecular link between hallucinogens and glutamate receptor signaling.
In conclusion, the present studies represent a novel approach to elucidate further the mechanism of action of hallucinogenic drugs. We have shown that acute LSD treatment increases expression of a small set of genes in the mammalian brain that are involved in a wide array of cellular functions. These apparently divergent pathways may then alter synaptic plasticity, glutamatergic signaling, cytoskeletal architecture and perhaps communication between the synapse and nucleus. Within the nucleus, complex patterns of gene expression may be initiated by induction of several different classes of transcription factors. The finding that the expression profiles for some of these genes differed between the prefrontal cortex, hippocampus and thalamic regions of the brain suggest the involvement of different receptor subtypes, with regionalized localization mediating gene expression. Clearly, the range of cellular functions that are regulated by the genes identified in this study begins to give a much broader perspective to understanding how a drug like LSD actually works. Conventional mechanistic studies have up to now essentially focused on activation of serotonin receptors followed by studies of subsequent physiological and intracellular signaling events. The present work has shown that this rather simplistic, though understandable, approach may provide only a narrow window into the actual cellular mechanisms of hallucinogenic drug action. Characterization of genes affected by acute LSD, both in this study, and in future extensions of this work, will lead to a more comprehensive understanding of the action of hallucinogenic drugs such as LSD. These events may not simply be related to the acute mechanism of action of LSD, but may also reflect the beginnings of long-term neuroadaptive processes. 
